Obesity has reached epidemic proportions with far-reaching health care and economic implications. Overnutrition, characterized by excess intake of carbohydrates and fats, has been associated with end-organ damage in several tissues, including the heart and the kidney. Furthermore, overnutrition is one of the most important modifiable and preventable causes of morbidity and mortality associated with cardiovascular and kidney diseases. Insulin resistance and compensatory hyperinsulinemia as well as associated mechanisms, including enhanced renin-angiotensinaldosterone system activity, inflammation, and oxidative stress, have been implicated in obesityrelated cardiorenal injury. In this review, the effect of overnutrition on heart and kidney disease is assessed in a rodent model of overnutrition and obesity, the Zucker obese rat.
creases in insulin metabolic signaling in cardiac and renal tissue ( fig. 1 ) . In addition to insulin resistance, several other mechanisms, such as enhanced activation of the reninangiotensin-aldosterone system (RAAS), inflammation and oxidative stress, may help explain the linkage between overnutrition and heart and kidney disease. In this review, the effect of overnutrition on heart and kidney disease is assessed in a rodent model of overnutrition and obesity.
A Rodent Model of Overnutrition and Heart Disease: The Zucker Obese Rat
The Zucker obese (ZO) rat has been widely employed as a model of obesity-related heart and kidney injury and therefore represents a potentially important tool to investigate the cardiorenal syndrome [17] . Our laboratory and others have shown that the young ZO rat heart exhibits impaired insulin metabolic signaling ( fig. 1 ) as well as abnormal cardiomyocyte and cardiac interstitial architecture ( fig. 2 a, b) , and increased oxidative stress ( fig. 2 c, d ) in conjunction with increased systemic insulin resistance (by homeostasis model assessment of insulin resistance) compared to the Zucker lean (ZL) rat [17] . The increased oxidative stress in the young ZO rat heart [17] is an important observation as the balance between the production and the elimination of reactive oxygen species (ROS) is critical in the preservation of normal cardiac function, especially for diastolic relaxation. Indeed, excessive myocardial ROS lead to abnormal myocardial structures and function [12, 17, 25, [38] [39] [40] [41] . These sources of excess ROS have been reported to result from increased nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity [17] and mitochondrial electron transport chain dysfunction [38, 39] , as well as from mitochondrial antioxidant dysfunction [39] . These increases in oxidative stress and inflammation may help explain the increase in interstitial and perivascular fibrosis observed in young ZO rat hearts ( fig. 2 a, b) . Impairments in diastolic relaxation depend, in part, on abnormalities in the passive properties of the ventricular wall that affect chamber compliance, such as excess accumulation of collagen and elastin fibers in the myocardium. Indeed, studies conducted in young ZO and ZL rats using highresolution cine magnetic resonance imaging showed that, compared to the ZL rat heart, the ZO rat heart exhibits left ventricular diastolic dysfunction due to a prolonged diastolic relaxation time and a reduced initial filling rate [17] . These abnormalities are associated with reductions in myocardial glucose uptake ( fig. 3 ), insulin metabolic signaling and endothelial cell nitric oxide (NO) synthase activity, as well as increased activation of the mammalian target of the rapamycin (mTOR)/S6 kinase 1 (S6K-1) signaling pathway ( fig. 1 ) . Indeed, there is evolving evidence that overnutrition and enhanced RAAS activation may promote reduced tissue metabolic signaling through activation of this pathway [42] [43] [44] . 
A Model of Obesity-Related Kidney Disease
Obesity and insulin resistance are increasingly recognized as independent risk factors for chronic kidney disease [45, 46] . Mechanisms by which obesity and insulin resistance lead to kidney disease have been investigated in numerous models; however, the ZO rat is one of the best-characterized models for obesity-related kidney injury [47, 48] . Observations from the ZO rat kidney suggest that activation of the renin-angiotensin system (RAS) in juxtaglomerular cells ( The ZO rat heart manifests increased interstitial fibrosis ( a , b ) compared to the ZL rat heart due to increases in oxidative stress, i.e. 3-nitrotyrosine ( c , d ). The ZO rat heart ( a ) displays increased intensity of staining compared to the ZL rat heart ( b ) with Verhoeff-Van Gieson stain, which stains collagen pink. The ZO rat heart ( c ) displays increased intensity of immunostaining for 3-nitrotyrosine compared to the ZL rat heart ( d ).
ZO ZL impair natriuresis and contribute to kidney injury [47] [48] [49] . These abnormalities, in turn, result in reductions in bioavailable NO, thus enhancing renal injury and progressive kidney disease [50, 51] . Importantly, increased renal NO appears to counter-regulate the effects of both the sympathetic nervous system and the RAAS in the renal regulation of salt and fluid homeostasis, as well as renal injury [52] . Treatment strategies which reduce oxidative stress and increase bioavailable NO are renoprotective in several rodent models of RAAS-and sympathetic nervous system-mediated renal injury, including the ZO rat model [49] [50] [51] [52] [53] [54] .
RAAS activation and decreased activity of natriuretic peptides are both involved in obesity and contribute to impaired natriuresis with increased sodium (Na + ) reabsorption and resultant volume expansion [55] . Obesity has been implicated in altered intrarenal physical forces that play a role in abnormal pressure natriuresis and Na + retention. Observations from animal models of obesity and insulin resistance as well as studies in humans have demonstrated an increase in kidney weight attributable to endothelial cell proliferation and intrarenal lipid deposition, which can lead to altered intrarenal mechanical forces. This increased weight and the resultant elevated interstitial hydrostatic pressure lead to parenchymal collapse, followed by urinary outflow obstruction due to tubular collapse and increased sodium reabsorption due to reduced tubular flow. The increased Na + reabsorption produces a feedback-mediated renal vasodilatation, elevation of the glomerular filtration rate, and RAAS stimulation despite a state of relative volume expansion.
Evidence suggests that ROS are an important mediator of adverse RAAS-induced renal injury in models of obesity ( fig. 4 b, d ) [52] . ROS are highly reactive molecules that oxidize lipids and proteins, cause cellular injury, and induce glomerular podocyte ( fig. 5 a) and renal epithelial PTC injury ( fig. 5 c, d ) and associated proteinuria. ROS also promote uncoupling of endothelial NO synthase, thereby suppressing its activity, resulting in reductions in bioavailable NO, and cause impairments in vasodilation. Increased tissue levels of ROS can also diminish the bioactivity of NO by conversion of locally released NO to peroxynitrite (ONOO -), which itself contributes to tissue injury. Recently, our group has reported that treatments which reduce NADPH oxidase activity and increase bioavailable NO attenuate proteinuria and maladaptive glomerular and proximal tubular remodeling in models of insulin resistance, hypertension and proteinuria, effects which are largely due to RAAS-mediated oxidative stress [54, [56] [57] [58] [59] [60] [61] . In these studies, treatment with an agent that reduced NADPH oxidase activity substantially reduced tubulointerstitial oxidative stress and fibrosis in concert with reductions in urinary N-acetyl-␤ -D -glucosamine and kidney injury molecule-1 (KIM-1), which are both markers for PTC dysfunction and/or injury. Our collective data support a shift in our understanding of the origins of proteinuria in models of obesity and insulin resistance as a function of early diabetic kidney disease, wherein proteinuria is now thought to have a PTC as well as a glomerular origin [56] .
To evaluate in how far PTC injury, in addition to glomerular alterations, contributes importantly to proteinuria in the early stages of diabetic kidney disease, we have examined structural and functional properties of the proximal tubule in relation to glomerular abnormalities in the ZO rat model ( fig. 4 , 5 ) [54, [56] [57] [58] . In young ZO rats (9-10 weeks of age), glomerular injury has been attributed to alterations in intraglomerular hemodynamics due to obesity and associated insulin resistance/hyperinsulinemia and impairments in vasodilation derived from reductions in bioavailable NO [50, 51, 57, 58] . Our recent data further support a glomerular origin of proteinuria in the ZO rat. These glomerular abnormalities include reductions in podocyte-specific proteins (nephrin and synaptopodin) and podocyte foot process effacement/reduction in slit-pore diaphragm integrity, coupled with thickening of the glomerular basement membrane ( fig. 5 a) . Observed ultrastructural changes are consistent with previous reports of changes in size and charge selectivity of the filtration barrier and loss of the slit-pore diaphragm contributing to a glomerular origin of proteinuria. However, our current data as well as recent work from other groups suggest that, at early stages of metabolic/diabetic kidney disease, we need to consider contributions from impairments in either the retrieval or degradation process in the proximal tubule as well ( fig. 5 b) [57, 58] . In keeping with PTC injury contributing to proteinuria in the young insulin-resistant ZO rat model, urinary levels of ␥ -glutamyl transferase, a specific urinary marker for injury to the PTC brush border, are increased [57] . Our findings of increased urinary levels of ␥ -glutamyl transferase suggest a potential mechanism of impaired retrieval/degradation in this obese insulin-resistant rodent model. This notion is supported by modest reductions in the PTCspecific proteins megalin and lysosomal-associated membrane protein (LAMP-2) in the ZO rat. These PTC proteins are responsible for the endocytotic/lysosomal mechanism and further substantiate impairments in protein reabsorption/degradation concomitant with PTC injury [59] . Our ultrastructural observations additionally support maladaptive PTC remodeling with loss of basal polarity due to mitochondrial remodeling, loss of invaginating canalicular plasma membrane infoldings, and PTC thickening. Collectively, these data suggest that there is a proximal tubular origin of proteinuria with impaired tubular endocytosis of protein and a functionally impaired retrieval mechanism in models of obesity-induced renal injury.
Megalin is a critical protein which is directly and indirectly involved in the retrieval mechanism of albumin reabsorption: directly as a receptor and indirectly by its effects on the expression of cubilin, which is co-expressed with megalin in the brush border and the endocytic apparatus. Recent data highlight the impact of obesity on RAS activation and disruption of the retrieval mechanism in PTC [57, 59] and, specifically, the impact angiotensin II (Ang II) has on the disruption of cytoskeletal organization. This endocytic pathway is especially susceptible to metabolic factors and growth factors such as Ang II and aldosterone. Data from PTC culture models as well as small animal models of obesity, such as the ZO rat model, support the concept that increased AT 1 receptor (AT 1 R) pathway signaling reduces megalin expression and that blockade of AT 1 R improves megalin expression and lysosomal degradation of albumin. Consistent with our ultrastructural observations in the ZO rat and other insulin-resistant models, reduced megalin expression has been associated with loss of PTC endocytic invaginations/vesicles, reduced lysosomes and loss of canilicular integrity [56] [57] [58] . Our findings of markers of increased renal RAAS activation in the proximal tubule region suggest the possibility that RAAS-dependent reductions in megalin expression are closely associated with the impairment in the retrieval mechanism. However, the precise mechanisms in obesity-induced renal injury have yet to be elucidated.
To conclude, the data obtained from rodent models of obesity and insulin resistance, such as the ZO rat model, support the notion that obesity contributes to the activation of circulating RAAS but also tissue RAS components and to reduced insulin metabolic signaling that lead to NADPH oxidase generation of ROS and subsequent heart and kidney injury.
